SUMMARY Pulsed Doppler echocardiography (PDE) is a technique for evaluating blood flow characteristics at specific locations within the heart and great vessels. Because this method assesses blood flow rather than cardiac structures, PDE complements the findings of CARDIAC ULTRASOUND has greatly enhanced our ability to define structural disorders in the heart and great vessels. While certain cardiac diseases lend themselves to firm diagnosis by M-mode echocardiography, many valvular and congenital disorders result in normal or nonspecific echocardiographic findings. In these disorders structural abnormalities clearly exist which cannot be evaluated with present echocardiographic techniques. A range-gated pulsed Doppler device has therefore been developed which can identify blood flow patterns at well-defined intracardiac locations.1 4 By demonstrating whether intracardiac flow is normal or pathologic, direct inference can be made as to what structural abnormality exists.
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The use of the pulsed Doppler device for the evaluation of murmurs has been previously described using an audible signal as the primary output for interpretation.1 This system however has recently been further improved by the introduction of a graphical recording method which increases ease of interpretation, provides a printed record of pulsed Doppler findings, and allows for more precise timing of blood flow events. It is the purpose of this paper to illustrate the applications of this graphic technique in identifying valvular abnormalities and septal defects.
Methods
In accordance with the Doppler theory, the frequencies of sound reflected from an object will be altered if that object is moving. This alteration is known as Doppler shift. Blood will reflect high frequency sound because it contains particulate matter -namely the blood cells. The pulsed Doppler device uses repetitive bursts, or pulses, of sound in the megaHertz range, much like traditional M-mode echocardiographic systems. While most ultrasonic waves are reflected from the various cardiac structures, a small amount is backscattered by the blood cells within the chambers themselves. These waves can be analyzed using a special Doppler shift detector system. If an ultrasonic beam is directed at a nonturbulent moving blood sample, the reflected sound waves will be of fairly uniform Doppler shift. By contrast sound waves reflected from a turbulent blood sample will show wide fluctuations in Doppler shift. The The device employs a 3 MHz piezoelectric transducer with a 1/2 inch diameter crystal focused at 5 cm. The transmitter circuit emits 1 msec ultrasonic bursts at a pulse repetition frequency that may be varied between 3,500 and 10,000 bursts per second depending on the depth of penetration desired. The returned signal is divided such that one portion is used to create a traditional A-mode display for orientation; however the quality of this A-mode Doppler display is not yet comparable to conventional devices due to inherent resolution limitations. The other portion of the returned signal is used for Doppler flow velocity information. The magnitude and direction of the Doppler shift is determined in a special phase detector circuit where the returned frequency is compared to the transmitted frequency. Positioning the transducer in a manner similar to that used in traditional echocardiography and using the A-mode display for orientation, the sample volume is placed at well defined intracardiac locations simply by adjusting the range gate knob ( fig. 1 ).
There are two types of output available from a pulsed Doppler device. The first provides an audible signal in the range of 400 Hz to 5 kHz which corresponds to the spectrum of Doppler shifts produced by normal or disturbed blood flow. The interpretation is based on evaluating the tonal quality of the signal. Smooth blood flow characteristically has a narrow bandwidth pattern which produces a tonal "musical-like" sound whereas disturbed or turbulent flow has a wide bandwidth pattern which produces a harsh, scratchy sound. This method has been described in detail in previous publications.1 -3 The Doppler signal (also called a spectral display), and 3) a standard electrocardiogram. It is also possible to record an analog waveform of flow which corresponds to the mean value of the Doppler frequency shift; this can be shown as a separate channel on the recording but has proved of limited value and has been deleted from most later recordings.
Patients for the study were selected from the routine referrals to our ultrasound laboratory for clinical evaluation. Most, but not all, with abnormal findings have had documentation of their pathology by cardiac catheterization and angiography. Each patient seen in our ultrasound laboratory routinely undergoes systematic cardiac ultrasonic examination, beginning with a complete M-mode echocardiographic assessment. Following this a pulsed Doppler examination is performed. Beginning from the suprasternal notch, sampling is obtained from the proximal aorta and the right pulmonary artery., The transducer is then placed on the precordium and sampling performed on the inflow and outflow side of each valve and within each valve orifice itself to determine whether forward flow across the respective valve has a laminar or turbulent pattern, and whether regurgitant flow exists. When a septal defect is suspected, sampling is performed along the septum on the outflow side of the suspected defect, following which attempts are made to pass the sample volume directly through the defect. There are inherent technical limitations in the zero crossing detection system of the graphical display which make it slightly less sensitive and less immune to extraneous noise interference than the audible detection system. Therefore representative recordings of Doppler abnormalities are obtained both on magnetic tape and the graphical display system.
Results General
Normal and Turbulent Flow
Blood flow within a vessel or chamber is usually laminar and produces a time interval histogram with a narrowly clustered dot pattern ( fig. 3A) . Turbulent or disturbed flow, by contrast, produces a time interval histogram with a widely dispersed dot pattern ( fig. 3B ). With disturbed blood flow the presence of dots which are widely dispersed both above and below the zero line illustrate the marked variation in blood cell direction and velocity within the sample, with some cells moving toward and others away from the transducer.
Valvular Stenosis and Regurgitation
Within and on the outflow side of a stenotic valvular orifice a jet of disturbed flow exists which produces a broad band pattern on Doppler examination. Valvular regurgitant lesions produce a broad band Doppler pattern, which is detected on the inflow side of the valve being examined.
Septal Defects
Much like valvular abnormalities, these lesions are detected by the turbulence which they produce. Large gradients, as seen for example in small ventricular septal defects, cause severe turbulence and produce markedly broad band patterns on Doppler examination. By contrast small gradient defects, as seen in atrial septal defects and large ventricular septal defects, cause less severe turbulence and produce mildly broad band patterns on Doppler examination.
Aortic Valve Flow
With the transducer positioned over the precordium, the systolic flow in or just above the aortic valve is normally laminar or slightly disturbed ( fig. 4A) proximal aorta except that valve clicks are not detected. In aortic stenosis a jet of systolic turbulence is detected within and above the aortic valve and is represented by a broad band Doppler pattern ( fig. 4B) atrial outflow region during systole ( fig. 7B ). This turbulence is frequently confined to the latter half of systole in the presence of mitral valve prolapse.
Tricuspid Valve Flow
In both the normal and pathologic state, flow proximal and distal to this valve is quite similar to that detected at the mitral valve with the Doppler detector ( fig. 8A, 8B ).
Pulmonic Valve Flow
The normal right ventricular outflow tract has a rather characteristic narrow band, negatively deflected pattern in systole since flow is directed posteriorly, away from the transducer. No significant flow occurs in diastole ( fig. 9A) . A similar pattern occurs in the proximal pulmonary artery; however mild systolic turbulence may be detected in the absence of a pathologic pulmonic valve. In pulmonic stenosis a broad band pattern is detected during systole in the proximal pulmonary artery. Pulmonic regurgitation produces a broad band pattern in the right ventricular outflow tract during diastole ( fig. 9B ).
Atrial Septal Defect
When an atrial septal defect is suspected, the transducer may be directed in such a manner that the sample volume is passed from the left atrial chamber to the right atrial chamber while flow is being assessed (ASD maneuver). If this maneuver is performed several times with the range-gate set at slightly different distances, a sample can usually be obtained from directly within, and on the outflow side of the atrial septal defect. Intra-atrial shunting generally produces a turbulent pattern with the Doppler detector, but the timing has been variable. Recent Membranous ventricular septal defects are characterized by the presence of a broad band systolic jet in the right ventricular outflow tract ( fig. 11 ). This turbulent jet can frequently be followed through the interventricular septal defect itself. The localization of systolic turbulence to the right ventricular outflow tract and through a portion of the interventricular septum differentiates this lesion from infundibular pulmonic stenosis. In the latter the systolic turbulence is confined to the right ventricular outflow tract.
In the muscular form of ventricular septal defect, a systolic jet exists in the body of the right ventricle. For reasons that are not entirely clear, the jet is frequently difficult to identify and can only occasionally be followed through the septal defect itself.
Discussion
The range-gated pulsed Doppler instrument can greatly extend the amount of useful information obtained in a cardiac ultrasound examination. Because it deals with cardiac blood flow rather than cardiac structure, this device tends to complement information obtained from M-mode echocardiography. The information generated is of four basic types.
Identification of the origin of murmurs. By sampling at precise intracardiac locations, the pulsed Doppler device can reliably identify the location and timing of turbulent blood flow events. The timing corresponds to that heard with the stethoscope or recorded on phonocardiogram. From this Doppler information the abnormality causing a particular murmur may be directly inferred. This is especially useful in those lesions such as mitral regurgitation, tricuspid regurgitation, pulmonic regurgitation, and ventricular septal defects which produce either minimal or nonspecific abnormalities by traditional M-mode echocardiography. 
